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cerevisiae. Both pathways involve a series of glycosyl transferases that act sequentially to afford a specific core oligosaccharide on a polyprenyldiphosphate-linked carrier. The oligosaccharide is transferred to asparagine side chains within the consensus sequence N-x-S/T, where x is any amino acid other than proline. In spite of these similarities, there are several differences between the bacterial and eukaryotic pathways: the consensus sequence in C. jejuni is slightly extended to include an acidic residue at the N -2 position (D/E-x-N-x-S/T); the core oligosaccharide in C. jejuni is composed of seven sugars (Figure 1 ), compared with the tetradecasaccharide common to most eukaryotes; the polyprenyl carrier in C. jejuni is undecaprenol, while in eukaryotes it is dolichol. In addition, in C. jejuni glycan assembly occurs on the periplasmic membrane as opposed to the ER membrane in eukaryotes (22) .
The C. jejuni OTase PglB comprises a single 82-kDa protein that shows homology to the catalytic subunit of the eukaryotic OTase, called Stt3 (23) (24) (25) . PglB shares a structural organization with all Stt3 homologs, with 11-13 transmembrane domains in the N-terminal region followed by a C-terminal soluble domain. The soluble domain projects into the periplasmic space and contains the distinctive Stt3 signature motif: WWDxG, which is essential for function and is thought to play a primary role in catalysis (24) . Until very recently, crystal structures existed only for the C-terminal soluble domains of 6 alone. A small number of other conserved regions have been suggested that showed decreased glycosylation when mutated (26) (27) (28) . These studies have generated interesting hypotheses about the importance of additional regions of the OTase although the lack of quantitative biochemical studies has complicated efforts to define the role of these regions in the catalysis of glycan transfer.
Much attention has been given to the soluble domain of the Stt3 proteins, due to the fact that the highly conserved WWDxG motif is located in this region and the recent structural data from the soluble domains (26) (27) (28) . Lacking, however, was a direct investigation of the biochemical significance of the transmembrane region of PglB and other Stt3 proteins, which would be predicted to be significant in catalysis due to the highly hydrophobic, and membrane-associated, undecaprenyldiphosphate-linked substrates that the OTases act upon. A simple full-length sequence alignment of several Stt3 sequences failed to expose obvious homology in the transmembrane region N-terminal to the WWDxG motif. It was hypothesized that some regions of local conservation may exist within the predicted transmembrane domains, but in general, these regions were not well defined due to the large size of the protein and the low overall sequence conservation. Therefore, to test this hypothesis, computational topology predictions were used to narrow regions of focus, for example to a specific loop between two transmembrane domains. Sequence analysis was then performed on these localized segments. To expand this analysis to a set of 28 non-redundant Stt3 sequences, which included 13 eukaryotes, 7 archaea, and 8 bacteria, a program was developed which accepts a list of homologous protein sequences and the related topology predictions. The program returns the sequence from each homolog that corresponds to a specific topological feature (e.g. the first TM sequence, or the third loop of each sequence). This method allowed topology-driven sequence analysis of a large number of Stt3 sequences, which would have been prohibitively onerous to evaluate manually. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Using this program, we were able to identify substantial homology between PglB and other Stt3s in the N-terminal transmembrane region of the protein, with several motifs that feature between the transmembrane helices showing strict conservation from bacteria to humans. To establish the functional relevance of these motifs, key residues in the motifs were mutated and the resulting proteins were recombinantly expressed in E. coli, purified as cell envelope fractions (CEFs), and subjected to kinetic analysis. Several of the mutants showed a complete loss of activity, while others showed only a partial loss. The structural integrity of the mutants relative to the wild type was probed using limited proteolysis in order to establish that the observed loss of activity for a given mutant was not the result of misfolding or large structural changes. In order to establish whether the mutations influenced the binding of the undecaprenyldiphosphate-linked glycan substrate, the effect of increasing glycosyl donor substrate concentration on catalysis was assessed. It was reasoned that the mutational effects would be most sensitive to the concentration of the glycan substrate in cases where the altered residues directly impacted interactions with this substrate. Results show that effects of certain mutations are directly correlated with substrate concentration; the effect of the mutation becomes distinctly less severe as the concentration of sugar substrate is increased. This substrate correlation provides further biochemical insight into the potential importance of these residues in the binding of the polyprenyldiphosphate-linked glycan.
Coincident with completion of these studies, a 3.4-Å resolution crystal structure was published for the PglB homolog from Campylobacter lari (1) . This structure represents a remarkable leap forward in our understanding of the structure and topology of the OTases. The crystal structure provides strong evidence that the aforementioned loop motifs are critical for catalysis and enzyme activity in vivo. Our complementary biochemical evidence demonstrates the importance of the transmembrane region of PglB and indeed all Stt3 proteins for OTase function. Moreover, the utility of combining topology Page 7 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 prediction and sequence analysis to identify conserved, functional motifs in large membrane proteins is clearly demonstrated.
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MATERIALS AND METHODS
Bioinformatic analysis. Sequences of Stt3 homologs were chosen by searching NCBI Entrez Protein
Database for 'Stt3' and selecting Stt3 homologs from evolutionarily diverse organisms. The collated set of 28 non-redundant sequences (Supporting Information, Table S1 ) were subjected to topology prediction analysis via the TMHMM 2.0 server (http://www.cbs.dtu.dk/services/TMHMM/) (29).
Batch topology output was run through our 'TMH.py' program, which was written in Python code (provided in Supporting Information, S2). The 'TMH' program parsed the topology prediction data and returned output files with each Stt3 GenBank Identifier (gi) number and the predicted sequence ranges for the appropriate topological location (i.e. inside (cytoplasmic), outside, or transmembrane).
Each output file and the Stt3-sequence file were directed to our 'Extract.py' program, which extracted the region of the sequence corresponding to the specified range indicated for a topological characteristic. The final output file for a specific topological feature showed, for each Stt3 sequence, the gi identifier followed by the sequence range and its corresponding sequence (e.g. >1322489 [1:9] MGSDRSCV \n >1322489 [100:116] ALRNWLGLPIDIRNVC, etc.). Sequence analysis was carried out by selecting a feature of each Stt3 (e.g. the first 'inside loop' prediction) and aligning the corresponding sequences using MAFFT (30). The alignments were used to identify conserved motifs within the given feature. The alignments were then manually adjusted for those Stt3 sequences in which the conserved motif did not appear exactly within the residue range predicted by TMHMM, but in a proximal region.
Mutant production, expression, and purification. The QuikChange (Agilent) protocol was used to generate mutations in the PglB gene, and all mutant genes were sequenced to verify specificity and Page 8 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 accuracy of mutagenesis. All mutants and wild type PglB were expressed in a pET24a(+) vector from Novagen. All constructs were transformed into BL21-CodonPlus-RIL cells (Stratagene) and grown in 1L of culture overnight. Cell cultures were harvested by centrifugation, washed in lysis buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, 10% glycerol), re-pelleted, and frozen at -80 ⁰C until needed. For the preparation of Cell Envelope Fractions (CEFs), cell pellets of equal weight were resuspended in 40 mL lysis buffer with the addition of 40 µg hen egg-white lysozyme (EMD Chemicals) and 40 µL EDTA-free Protease Inhibitor Cocktail III (CalBiochem). Cell suspensions were incubated at 4⁰C with gentle rocking for one hour and then lysed using sonication with cooling on ice. Specifically, three one-minute sets of one-second pulses at 50% amplitude, with five-minute intervals between each set were employed. Lysates were centrifuged at 6,000 x g for 30 minutes to remove insoluble debris, and the supernatant was then centrifuged at 100,000 x g for 1 hour to pellet the CEF. The resulting supernatant was discarded and the CEF was homogenized in 35 mL of high salt buffer (50 mM HEPES, pH 7.5, 250 mM NaCl, 250 mM KCl, 20% glycerol), incubated at 4 ⁰C with gentle rocking for 1 hour, then pelleted again. Washed CEFs were homogenized in 10 mL of lysis buffer and stored at -80⁰C until further use.
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For western blot analysis, 8 µL samples of CEF (diluted 1:40 in 50 mM HEPES, pH 7.5) were mixed with 2 µL of 5X SDS reducing buffer and boiled for 5 minutes. Five µL of this solution was added to each lane of a 4-15% Tris-HCl pre-stacked gradient gel (BioRad) . Gels were run at 150 volts for one hour. Protein was then transferred at 120 volts for 2 hours to a nitrocellulose membrane. Membranes were blocked for at least one hour in a solution of 5% BSA in TBS-T, then incubated for 1 hour in a solution of either: 1) T7 antibody conjugated to alkaline phosphatase diluted 1:10,000 in TBS-T (EMD4Biosciences), washed with three one-minute washes in TBS-T and a single one-minute wash in TBS and then developed using the 1-STEP BCIP/NBT (5-bromo-4- chloro-3-indolyl-phosphate/nitro blue tetrazolium) developing solution (Thermo Scientific) for roughly 10 seconds or until staining became visible, at which point the nitrocellulose membrane was washed thoroughly with deionized water, or 2) Tetra His antibody, BSA-free (Qiagen) at 0.1 µg/ml in TBS-T, followed by a three one-minute washes in TBS-T, one-hour incubation in Anti-mouse alkaline phosphatase-conjugated secondary antibody produced in goat (Sigma Aldrich), three oneminute washes in TBS-T and a single one-minute wash in TBS, and development with the alkalinephosphatase substrate 1-STEP NBT/BCIP. For quantitative western blot analysis, the process was carried out similarly except with optimization of CEF dilution factor to achieve intensities in the range of those of the purified PglB. Ultimately, CEFs were diluted 1:100 and compared against a set of pure PglB internal standards, which had been quantified by measuring ultraviolet absorption at 280 nm. After staining, the nitrocellulose blots were allowed to dry for 10 minutes and then were immediately scanned at 1200 dpi and analyzed using Adobe Photoshop densitometry software. To maximize reliability, sample preparation and western blot analysis were repeated in triplicate, the data were combined and the average relative quantities used. A representative western blot and standard graph are shown in Supporting Information ( Figure S6 ).
PglB Activity Assays.
A survey of activity measurements for PglB and all PglB mutants was carried out as described previously (31). Briefly, 10 µL of DMSO was added to a tube containing 6 pmol of dried radiolabeled undecaprenyl-PP-Bac-[ 3 H]GalNAc of specific activity 15 µCi/nmol. The tube was then vortexed and sonicated (water bath) to resuspend the substrate. Then, 100 µL of 2X assay buffer (280 mM sucrose, 2.4% Triton X-100 (v/v), and 100 mM HEPES at pH 7.5), 2 µL of 1 M MnCl 2 , and 5 µL of PglB CEF were added and the volume brought to a total of 190 µL with water. Reactions were initiated by the addition of 10 µL of 1 mM peptide substrate (Ac-DQNAT-p-NF-NH 2 ; where p-NF is para-nitro-phenylalanine) dissolved in DMSO (32). Aliquots of the reaction mixture were removed at specified time intervals and quenched in 1 mL of 3:2 chloroform/methanol + 200 µL of 4 mM MgCl 2 . The aqueous layer was extracted, and the organic layer was washed twice with 300 µL of pure solvent upper phase (3% chloroform, 49% methanol, and 48% water with 100 mM KCl). The aqueous extracts were combined and mixed with 5 mL of EcoLite scintillation fluid (MP Biomedicals), the organic phase was mixed with 5 mL of OPTI-FLUOR scintillation fluid (Perkin Elmer), and all fractions were subjected to scintillation counting. All assays were carried out in duplicate or triplicate. For rate comparison assays at varying concentrations of sugar substrate, radiolabeled polyprenyldiphosphate-disaccharide was synthesized at specific activities of 0.15, 1.5, and 15 µCi/nmol according to procedures described previously (31). Thus, each assay (using one aliquot of polyprenyldiphosphate-linked glycan) contained the same level of tritium, but depending on the specific activity a single assay would contain 0.01, 0.1, or 1.0 µM sugar substrate.
Limited Proteolysis. Digestion profiles of wild-type PglB using trypsin, α-chymotrypsin, and proteinase K were compared, with proteinase K showing the clearest production of discrete proteolytic fragments. The incubation time, temperature, and the ratio of PglB to protease were optimized, such that the time-dependent production of discrete proteolytic fragments could be clearly viewed by applying His-tagged western blot analysis. The His-tag antibody was used because the location of the His-tag at the C-terminus of the soluble domain resulted in a more readily identifiable degradation profile. Proteolytic assays were performed at room temperature on CEF fractions that were diluted 1:40 in 50 mM HEPES, pH 7.5. Two µL of 0.1 mg/mL of Proteinase K (in 4 mM MgCl 2 ) were added to 160 µL of diluted CEF. Aliquots of 20 µL were quenched into 3 µL of 100 mM PMSF (phenylmethylsulfonyl chloride) in ethanol, at time points of 0, 5, 10, 30, 60, and 180 minutes. Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Predicted topologies are similar for PglB and Stt3 homologs. Topology predictions for Stt3 homologs, including PglB, indicate a conserved overall structural arrangement. Stt3 homologs share a large N-terminal multi-transmembrane domain, followed by a C-terminal soluble domain. The predicted number of transmembrane helices varies from 11-13 amongst sequences from various organisms. The topology prediction server TMHMM was used throughout the present analysis (29).
RESULTS
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Graphical depictions of predicted topologies are displayed in Figure 2 for select Stt3 homologs, chosen to represent the evolutionary diversity of the protein. Some sequences are also predicted to contain a transmembrane domain near the middle of the C-terminal soluble domain, although the majority of these are predicted to simply contain a hydrophobic region at this position. The latter scenario is almost certainly the correct one, as indicated by many studies of the soluble domain (26, (33) (34) (35) . However, this discrepancy demonstrates the tentative nature of topology predictions, which often differ depending on the specific algorithm used, and thus should be used only as a guide for investigating protein topology.
Closer inspection of the topology diagrams reveals the consistent presence of two sizeable loops (> 40 residues) located in similar regions of each of the Stt3 topology predictions. One loop of roughly 50 residues appears consistently after the first transmembrane domain; a second loop of roughly 40 residues appears 2-3 transmembrane domains before the start of the soluble domain ( Figure 2 ). Investigation of the sequences corresponding to the first loop reveals a prominently conserved aspartic acid (residue D54 in PglB). While other groups have suggested the existence of conserved residues, a systematic investigation of potential regions of conservation or their functional significance has not been previously carried out (28, 34). Indeed, such investigations are hindered by the difficulty of detecting small motifs within the context of the large and variable full-length sequence. Utilizing the conserved topology of Stt3 homologs, sequences corresponding to a specific Page 12 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 topological feature of each Stt3 protein were extracted, and then sequence analysis was confined to these sections. To systematize the approach, a computer program was developed to automatically extract the sequence corresponding to a given topological feature for a series of 28 divergent Stt3 homologs (see Methods). Mutation and kinetic characterization of residues in conserved motifs. In order to investigate the importance of the three motifs in catalysis, site-directed mutagenesis was performed on several conserved residues in PglB. As negative controls, residues (K124 and K351) that would be predicted to appear in non-conserved loop regions were also mutated ( Figure 4 ). All candidate residues were mutated to alanine, and each acidic residue was additionally mutated to its amide-containing complement (Asn for Asp, Gln for Glu), and/or its acidic complement residue (Asp for Glu, or vice versa). Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In addition, we investigated the proposal that a DxxK motif is required for OT catalysis (26) .
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The crystal structure of the soluble domain of P. furiosus Stt3 suggests a role for an aspartic acid and a lysine, separated by two residues, fifty residues C-terminal to the signature WWDxG motif; when mutated, a decrease in OTase activity was previously observed (26) . Given the natural frequency of the aspartic acid and lysine residues and thus the DxxK pattern within the PglB sequence, it is difficult to surmise functionally equivalent residues in other Stt3 sequences. PglB has three appearances of DxxK in the C-terminal soluble domain: D 475 xxK 478 , D 519 xxK 522 , and D 553 xxK 556 . To establish whether a functionally conserved DxxK motif exists in PglB, each aspartic acid and lysine within these DxxKs were mutated to alanine and analyzed along with the loop mutations.
All mutants were overexpressed in E. coli, as described in Methods. A wild type (WT) PglB strain and a strain containing the empty expression vector (referred to as the 'blank') served as the positive and negative controls, respectively. All mutants and WT were expressed with an N-terminal T7-tag and a C-terminal His 10 -tag. A semi-pure CEF was prepared for each culture, and a fraction of each mutant CEF was run on a western blot alongside the WT and blank. Immunostaining with the anti-His and anti-T7 antibodies confirmed comparable expression levels of PglB in the fractions assayed, and also expression of the full-length protein ( Figure 5A ). Ideally, each mutant enzyme would be purified to homogeneity for quantification; however, the unstable nature of membrane proteins upon solubilization and purification can result in a source of error with unpredictable effects on activity measurements. Thus, it was considered preferable to use the mutant and wild-type enzymes in the more stable cell envelope fractions and to establish similar enzyme concentrations by using western blot analysis.
The activities of PglB and each of the mutants were measured using a radioactivity-based assay, which measures transfer of a radiolabeled glycan from the undecaprenyldiphosphate carrier to a Page 14 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peptide bearing the PglB consensus sequence (see Methods). Results from activity assays for PglB enzymes with mutations in conserved loop motifs and the first DxxK motif are shown in Figure 6 .
Results from activity assays for mutants with wild-type levels of activity can be found in Supporting Information (Figure S4) , along with extended time points for loop mutants. Mutant activity results are summarized in Table 1 . Mutants were divided into broad categories based on relative activity level, as follows: WT-level activity (+++), decreased activity (++), activity detectable only with overnight incubation (+), or no detected activity (-).
Mutants maintain tertiary structure. In order to establish that the PglB mutations do not cause activity loss by disrupting folding, mutants that showed a decrease or loss in activity were analyzed by limited proteolysis. Figure 5B 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 manner to test the hypothesis that the conserved loop motifs, given the acidic nature of many key residues, might be involved in metal-ion mediated binding of the diphosphate in the glycosyl donor substrate since PglB is known to require divalent cations (generally Mn(II) or Mg(II)) for activity.
Then, in order to establish whether the mutations influenced the binding of the undecaprenyldiphosphate-linked glycan, we assessed the effect of increasing glycosyl donor substrate concentration on catalysis. The initial rates for these mutants were measured at three separate concentrations of this substrate: 0.01, 0.1, and 1.0 µM (Figure 7 ). Initial western blot analyses ensured that a similar level of each PglB construct was expressed, providing a level of confidence such that mutants could be reliably grouped into broad categories based on activity levels (Table 1) . However, to further characterize the partially active mutants by directly comparing initial turnover rates, a more precise western blotting method was used to quantify relative levels of protein (see Methods). It was determined that levels of all mutants were very similar, with a maximum concentration difference of +1.7-fold relative to WT (Supporting Figure S6 ). The relative levels of each mutant in CEF measured by western blot analyses were reproducible, allowing us to determine and correct for any effects on rate comparisons.
DISCUSSION
Interpretation of PglB mutants in context of kinetic and structural data. The bioinformatic
and biochemical data that we report can now be framed in the context of the recent structure analysis of the Stt3 homolog from C. lari, also designated as PglB (1) . In this structure, the conserved acidic residues in each loop motif (D56, D154, and E319 of the C. lari PglB) are proposed to form a pocket that accommodates a divalent magnesium cation and the nucleophilic asparagine. The essentiality of these residues is supported by use of an in vivo glycosylation assay, which exploits the gel shift observed upon glycosylation. Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The biochemical results that we present provide a more detailed characterization of the residues implicated by the structure, and additionally expose critical residues that are not made evident by the structural data. The aspartic acid in the [L/I]xx[D 54 ]x[Y/F] motif (D54) can be set apart from the other two implicated acidic residues (D152 and E316) by the in vitro activity measurements. In particular, D152 and E316 can both be mutated to their acidic counterparts (D152E and E316D) and still retain activity, albeit at a notably decreased level. This indicates the primary role that the negative charge plays at these sites, as the alanine mutations at these sites show minimal activity, and E316Q showed no activity. In contrast, with D54, we observe that when mutated to alanine, asparagine, or glutamic acid, activity is completely eliminated. This establishes D54 as highly specific for its role in function with respect to both charge and size and suggest a pivotal role in catalysis.
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It is also observed that the effects of certain mutations can be directly correlated with substrate concentration; the effect of the mutation becomes less pronounced as the concentration of the glycosyl donor substrate is increased. For example, this is observed with D152E and E316D ( Figure   7 ). For other mutations, including D54 and K478A the increased Und-PP-Bac-GalNAc substrate concentration had little effect. This substrate correlation analysis suggests that these residues are implicated in the binding of the polyprenyldiphosphate-linked glycan. This trend is consistent with the reported structure data showing these residues coordinating the divalent cation, and the hypothesis that the divalent cation is further involved in coordinating the disphosphate of the glycan substrate. Further biochemical analyses using more complex glycosyl donor substrates may help determine the relative effect of the mutations on substrate binding and catalysis.
With respect to the [R/K][S/T]xx[G 149 ]xx[D 152
] motif, we find that R145 and D152, when individually mutated to alanine, lead to an almost complete loss of PglB activity. Mutation of D152 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 to a glutamate restores partial activity. In this context, a fundamental role for the aspartic acid at the +2 position to the D152 (D154 in C. jejuni PglB, D156 in C. lari PglB) has been proposed (1).
Specifically, this pair of aspartic acids is proposed to represent a 'DxD' motif that is characteristic in the glycosyltransferase superfamily GT-C (1, 36, 37) . However, the alignments derived from our topology-guided motif analysis suggest that the sequence characteristics in this region of the OTase are not definitively conserved across evolution. Indeed, it is evident from our alignment of the motif (Figure 3 , Supporting Figure S3 ) that the residue +2 to the defined motif is a glutamic acid in almost fifty percent of homologs examined, and this residue is a proline in the seven archaeal homologs that were analyzed in this study. Site-directed mutagenesis data are not yet available to evaluate the kinetic significance of the second aspartic acid in the DxD motif in PglB and the natural frequency of the generic and variable motif leaves significant room for further exploration. Therefore the association with the characteristic GT-C superfamily motif may not be clear.
Interestingly, the arginine (R29) in C. jejuni PglB that appears in the first transmembrane helix, is also conserved and essential: when mutated to alanine, activity is eliminated. In view of this data alone, the role that this arginine may play in PglB function is not clear. However, when the equivalent residue (R31) is examined in the C. lari structure one observes that this arginine side chain appears to be in direct contact with threonine 148 (or T146 in C. jejuni PglB). In this context, we note that this position is highly conserved as a hydroxyamino acid (either a serine or threonine) throughout our 28 examined Stt3 homologs and appears in the [R/K][S/T]xx[G 149 ]xx [D 152 ] motif in the third transmembrane loop (Figure 4 ). This apparent interaction again highlights the unique ability of this topology-guided sequence analysis to reveal residues key to enzyme function. The high conservation of this hydroxyamino acid and its apparent interaction with the essential arginine in the first transmembrane helix allows us to propose that these residues may be involved in Page 18 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mediating in a conformational shift of the enzyme, as the interaction represents a clear link between the catalytic site and an integral membrane helix. In the future, it will be very interesting to gain a structural analysis of other substrate-bound forms of the enzyme to determine the likelihood of this scenario. Figure S4 ). The effect on D475A was more significant than that on K478A ( Figure 6 ), which calls the proposed DxxK motif into question. Considering the enhanced impact of D475A relative to K478A, and the additional fact that this aspartic acid is highly conserved throughout all OTases while the lysine is not (Figure 3 ), it appears that a 'DxxK motif' is not playing an essential role in OTase activity. However, the high level of conservation of D475 and the clear impact of the mutation on activity indicates that this residue is likely involved the OTase function. Interestingly, an increase in the concentration of the polyprenyldisphosphate glycan in the assay steadily attenuated the effect of D475A and D475E on activity, while no such trend is seen for K478A ( Figure 7) . As in the case of D152 and E316, this trend suggests that mutation at these sites affects the ability of PglB to bind the polyprenyldiphosphate glycan substrate.
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Interpretation of
Mutants maintain tertiary structure. Limited proteolysis represents powerful tool for identifying flexible, exposed regions of proteins and for studying how tertiary structure (and thus susceptibility to proteolysis) is affected by mutations, substrate presence and many other factors (38) (39) (40) (41) (42) . Mutants that showed a decrease or loss in activity were analyzed by limited proteolysis to establish that activity loss is not due to misfolding (see Methods), and all mutants assayed display similar degradation profiles to the wild-type protein ( Figure 5B, Supporting Figure S5 ). In addition to Page 19 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reinforcing that the mutants that are analyzed are properly folded, it was of interest to determine the precise location of proteolysis. The three major C-terminal degradation products appear at roughly 50, 30, and 23 kDa, which provides a rough approximation of the cut site. To further narrow the location of the proteolysis sites, N-terminal Edman degradation sequencing of the digestion bands was performed. Using the N-terminal sequencing data and the estimated molecular weights of the fragments, it was determined that the enzyme was being cut at G331/S332 and Y467/S468, yielding C-terminal fragments of 45.5 and 29.3 kDa, respectively.
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The structure of the C. lari PglB puts this observation in a structural context and correlates susceptibility to proteolysis with the proposed flexibility and exposure of these regions (1) . The first proteolysis site appears just after the exposed loop 5, designated as EL5, which is noted as highly disordered in the C. lari structure (1). The second site occurs just after the WWDxG motif, in a coil connecting two helices. Interestingly, while both of these sites appear in coils adjacent to catalytically important sites, neither site appears prominently exposed in the crystal structure.
Nonetheless, the dramatic preference for these proteolysis sites is shown clearly by the discrete banding pattern indicated by western blot. Thus, it is possible that these sites become exposed in an alternate conformation of PglB, which may provide insight into structural changes implicated in substrate binding and release. Indeed, it was proposed that this conformational change would involve movement of EL5 (1) . Also, the striking conservation of the WWDxG motif, combined with its proximity to a preferential proteolytic cut site, may indicate that this helix is involved in this conformational change, in addition to the proposed role in peptide/protein substrate binding (1) .
CONCLUSIONS
In recent years, it has become abundantly clear that the conserved loop segments between transmembrane domains often play a fundamental role in substrate recognition and/or catalysis (43-Page 20 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 46). However, it is particularly difficult to observe sequence conservation in these regions because motifs may be embedded within transmembrane regions that have diverged considerably, thereby complicating sequence alignments. Demonstrated here is a straightforward method for defining these buried regions of conservation applied to the complex integral-membrane OTase PglB. Topology predictions are generated for a list of homologous sequences using freely available software; a designed algorithm then parses each sequence by topological feature. These sequence segments are then more fruitful for detecting regions of conservation through sequence alignment. The systematic nature of the method allows for position-specific sequence analysis of a large number of divergent sequences of a given protein, which is crucial for determining the extent and significance of proposed motifs. These results expose the extraordinary level of conservation that exists in Stt3 homologs from bacteria through humans. Conservation over this evolutionary span implies that these regions play an essential role in the OTase activity. The biochemical data verifies that in PglB, many of these residues are essential for enzyme activity, and through limited proteolysis experiments it is shown that activity loss in mutated PglB is not caused by major structural changes. These combined data indicate a direct involvement of these motifs in protein function.
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The recent publication of a medium-resolution structure of the C. lari PglB indicates that these motifs are centrally involved in catalysis (1) . Thus, the structural data, combined with the independently acquired alignments and biochemical data, provide compelling evidence for the roles of these motifs in OTase catalysis. Much biochemical work remains to investigate the details of the catalysis. In this context, the limited proteolysis approach will be useful for ascertaining whether the E5 loop is flexible in the presence, as well as the absence, of each substrate, and thus may provide insight into the dynamics of these regions accompanying substrate binding, catalysis, and substrate Page 21 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 release. Ultimately, similar studies on eukaryotic OTases will be essential for relating the prokaryotic OTase studies to OTase catalysis universally.
While the structural studies now provide an excellent framework for developing new experiments to investigate N-linked glycosylation, the importance of quantitative, in vitro biochemical assays with defined quantities of pure substrates and precise measurements of enzymatic rates, cannot be overstated. Recently, based on the C. lari PglB crystal structure a mechanism for nucleophilic activation of the asparagine nitrogen has been proposed (1) . A challenge in the future will be to acquire structural and biochemical data that are complementary and consistent with specific mechanistic proposals. Currently, the structural data provides valuable information on the residues that are likely to be involved in catalysis, however at the present structural resolution of 3.4 Å, it is not feasible to identify specific hydrogen bonding networks or, distinguish between the nitrogen and carbonyl oxygen of the nucleophilic asparagine amide. Furthermore, due to the crystallization conditions, the C. lari PglB structure was acquired at a pH of 9.4, where activity is very low (47).
Lastly, the site of polyprenyldiphosphate-glycan substrate binding, the order of binding and release of substrates and products, and the nature of potential conformational changes, remain to be assessed. These data will be required to enable the development of hypotheses concerning the mechanistic details of the reaction. The structural and biochemical data, when in agreement, will provide an important foundation for unraveling the details of this intricate cellular process, which has eluded geneticists, biochemists, and microbiologists alike for so long.
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Mutant
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ACS Paragon Plus Environment
Predictions and illustrations were generated by the Transmembrane Hidden Markov Model (TMHMM) topology prediction program (24) .
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Percent of WT rate for each mutant is determined at each concentration, with the average rate of WT set to 100%. Inset: magnification of R145A, D152E, and E316A values for clarity. Rate values shown are corrected for small variations in concentration, as determined by quantitative western blot analysis. Raw rate data can be found in the Supporting Information (Table S7 ). Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 88x34mm (300 x 300 DPI) Page 38 of 38 Biochemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The NIHMS has received the file 'SI_bi201018d_si_001.pdf' as supplementary data. The file will not appear in this PDF Receipt, but it will be linked to the web version of your manuscript.
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